Lipopolysaccharide (LPS) of a number of gram-negative bacteria affected mitochondrial respiration and phosphorylation when it was preincubated with the mitochondrial suspension. The structural part responsible for this activity of LPS is the lipid moiety (lipid A), because the lipid A prepared from either the LPS of Escherichia coli or the endotoxic glycolipid of a heptose-less mutant (R595) of Salmonella minnesota affected mitochondrial oxidative phosphorylation as did LPS, whereas the polysaccharide moiety was inactive. Preincubation of the mitochondrial suspension with lipid A resulted in (i) inhibition of respiration and accompanying phosphorylation in the presence of either succinate or a number of reduced nicotinamide adenine dinucleotide-linked substrates, (ii) decrease of respiratory control, (iii) inhibition of the transfer of electrons at coupling site II without decrease of efficiency of phosphorylation, and the uncoupling at coupling site III, and (iv) stimulation of adenosine triphosphatase and the inhibition of 2, 4-dinitrophenol-induced adenosine triphosphatase.
Lipopolysaccharide (LPS) of a number of gram-negative bacteria affected mitochondrial respiration and phosphorylation when it was preincubated with the mitochondrial suspension. The structural part responsible for this activity of LPS is the lipid moiety (lipid A), because the lipid A prepared from either the LPS of Escherichia coli or the endotoxic glycolipid of a heptose-less mutant (R595) of Salmonella minnesota affected mitochondrial oxidative phosphorylation as did LPS, whereas the polysaccharide moiety was inactive. Preincubation of the mitochondrial suspension with lipid A resulted in (i) inhibition of respiration and accompanying phosphorylation in the presence of either succinate or a number of reduced nicotinamide adenine dinucleotide-linked substrates, (ii) decrease of respiratory control, (iii) inhibition of the transfer of electrons at coupling site II without decrease of efficiency of phosphorylation, and the uncoupling at coupling site III, and (iv) stimulation of adenosine triphosphatase and the inhibition of 2, 4-dinitrophenol-induced adenosine triphosphatase.
The action of the toxic glycolipid (cord factor) of Mycobacterium tuberculosis (trehalose-6,6'-dimycolate (20] ) on mitochondrial oxidative phosphorylation has been recently studied (11) . It was demonstrated that the cord factor affected oxidative phosphorylation in the presence of either succinate or a number of reduced nicotinamide adenine dinucleotide (NADH)-linked substrates and caused a loss of respiratory control in mouse liver mitochondria. The transfer of electrons and the coupling of respiration and phosphorylation were inhibited specifically at coupling site II, while these enzymatic processes at coupling site III were not at all affected by the cord factor (11) . It has been also shown that either the cord factor of Corynebacterium diphtheriae (trehalose-6,6'-dicorynomycolate [23] ) or semisynthetic analogues possessing the cord factor-like toxicity produced similar metabolic damage in mitochondria (11) (12) (13) .
It was reported, on the other hand, that a Boivin-type endotoxin of Bordetella bronchiseptica affected the oxidative phosphorylation and the energized processes in beef heart mitochondria (5) . Data available to date suggest that the modes of action of cord factor and of endotoxin with the mitochondrial electron transport system differ considerably (5, 11) . Recent observations (14, 18, 21) have shown that the lipid moiety (lipid A) of the bacterial endotoxin (lipopolysaccharide [LPS] ) plays a dominant role in the endotoxic activity and that lipid A is a glycolipid composed of phosphorylated ,B-1, 6-glucosaminyl glucosamine, of which the hydroxyl and amino groups are totally acylated (3) . It seemed of interest to compare the effect of LPS and lipid A on hostcell mitochondria with that of cord factor-type glycolipid in special reference to the site of metabolic damage in the mitochondrial respiration and phosphorylation. This paper describes the effect of lipid A on the phosphorylation coupled to electron transport in mouse liver mitochondria and demonstrates that lipid A primarily affects the transfer of electrons at coupling site II without inhibiting the accompanying phosphorylation and inhibits the coupling of phosphorylation to electron transport at coupling site III.
MATERIALS AND METHODS Animals. Male albino mice of random-bred ddO stock (9) at 4 to 6 weeks of age were used. They were fed a standard commercial diet (Oriental Pellet Diet MF, Oriental Yeast Industrial Co., Tokyo, Japan) and water ad libitum. Mice were not fasted before sacrifice.
LPS Lipid A and degraded polysaccharide (PS). Lipid A prepared by hydrolyzing the endotoxic glycolipid of a heptose-less mutant (R595) of S. minnesota with 1% acetic acid at 100 C for 90 min was a generous gift of N. Kasai, Department of Microbial Chemistry, Showa University School of Pharmaceutical Science, Tokyo, Japan. This lipid A preparation contained no 2-keto-3-deoxyoctonic acid (KDO). Lipid A prepared by hydrolyzing the LPS of E. coli strain 602 (8) with 1 N HCl at 100 C for 30 min and PS isolated after the hydrolysis of the LPS of same bacterial strain with 1% acetic acid at 100 C for 4 hr were also generously provided by N. Kasai.
A homogeneous suspension of lipid A in sucrose-Tris medium was prepared as follows. Lipid A was suspended in 0.02 M unneutralized Tris (pH 9.4-9.6) to a concentration of 4 mg/ml and incubated for 1 hr at 30 C. The pH of the suspension was adjusted with 0.02 N HCI to 7.4, and then water and sucrose were added to give a concentration of lipid A of 2 mg/ml in 0.25 M sucrose containing 0.01 M Tris-hydrochloride at pH 7.4. PS was dissolved in sucrose-Tris.
Preparation of mitochondria. Liver mitochondria were prepared in a Beckman model L-2 ultracentrifuge with a swinging-bucket type SW25.1 rotor at 0 to 2 C by the method of Hogeboom (6) , except that mitochondria were washed three times by centrifugation at 14,000 x g for 10 min. Mitochondria isolated from 1 g (fresh weight) of liver were suspended in 1.0 ml of sucrose-Tris. Protein was determined by the biuret method (4) modified by Jacobs et al. (7) .
Preincubation of mitochondria. The mitochondrial suspension (20 to 30 mg of protein per ml of sucrose-Tris) was added to the stepwise dilutions of either LPS, lipid A, or PS in sucrose-Tris to contain from 100 to 400 ug of LPS or PS and from 25 to 100 pug of lipid A per mg of mitochondrial protein.
The tubes were incubated for 15 min at 20 C without shaking. Mitochondria incubated with sucrose-Tris were used as a control.
Assay methods. Phosphorylation coupled to the oxidation of succinate and a number of NADHlinked substrates was assayed manometrically in a reaction mixture containing, in a total volume of 2.0 ml: 100 to 125 mm sucrose, 4 mm Tris-hydrochloride (pH 7.4), 15 mm potassium phosphate (pH 7.4), 20.5 pM cytochrome c, 2.5 mm adenosine diphosphate (ADP), 30 mm glucose, 0.5 mg (75 Kunitz-Mac-Donald units) of hexokinase, 5 mm MgCl2, 4 mM KF, 10 mm substrate, and 3 to 6 mg of mitochondrial protein. The reaction system with succinate as substrate contained 100 nM rotenone in addition to the above components. Oxygen uptake was measured at 25 C for 15 to 20 min, and the disappearance of inorganic phosphate was determined by the method of Fiske and SubbaRow (1), with the supematant fluid deproteinized by the addition of final 5% trichloroacetic acid.
The phosphorylation at coupling site II was measured by the method of Lee, Sottocasa, and Emster (16) . The components of the reaction mixture, in a final volume of 1.0 ml, were: 75 mm sucrose, 50 mM Tris-acetate (pH 7.4), 13 mm potassium phosphate (pH 7.4), 2.5 mm ADP, 30 mm glucose, 0.5 mg of hexokinase, 12 mm succinate, 1 mm KCN, and 2 to 3 mg of mitochondrial protein. After 2-min preincubation at 25 C, the reaction was started by the addition of 0.1 ml of 54 mm K,Fe (CN). and stopped at 5 min by the addition of 1.0 ml of 10% trichloroacetic acid.
The decrease of absorbancy at 420 nm in an appropriate dilution of the deproteinized supernatant fluid was the measure of ferricyanide reduced by succinate. The molar absorbancy of ferricyanide was taken as 1,000 cm-1 (16) . Another sample was neutralized with 0.25 N KOH, and inorganic phosphate was precipitated by the addition of calcium reagent of Fiske and SubbaRow (2) . The precipitate was washed once with the calcium reagent and taken in 0.1 N HCI. Inorganic phosphate was determined by the method of Fiske and SubbaRow (1). The efficiency of phosphorylation was expressed as P/2e-(ratio of moles of inorganic phosphate esterified to 2 moles of ferricyanide reduced).
The phosphorylation at coupling site III was assayed by a slight modification of the method of Sanadi and Jacobs (22) . The components of the reaction system, in a total volume of 2.0 ml, were: 100 mm sucrose, 25 mm Tris-acetate (pH 7.4), 15 mM potassium phosphate (pH 7.4), 10 mm sodium ascorbate, 250 AM N,N, N',N'-tetramethyl-p-phenylenediamine (TMPD), 2.5 mm ADP, 30 mm glucose, 0.5 mg of hexokinase, 7.5 mM MgCl2, 4 mM KF, 100 nM rotenone, and 2 to 3 mg of mitochondrial protein.
Oxygen uptake was measured at 25 C for 15 min, and the inorganic phosphate was determined by the Fiske-SubbaRow procedure (1). In the reaction system without phosphoryl acceptor, the mitochondrial respiration was measured by substituting 2.5 mm adenosine triphosphate (ATP) for ADP and 0.15 M KCl for hexokinase and glucose as described by Lardy and Wellman (15) .
Adenosine triphosphatase was measured at 25 C in a 1.0-ml reaction system containing 50 mM Trisacetate (pH 7.4), 30 mM KCl, 5 mM MgCl2, 5 mM ATP, and 2 to 3 mg of mitochondrial protein. The reaction was initiated by the addition of ATP and stopped at 5 min by adding 1.0 ml of 10% trichloroacetic acid. Inorganic phosphate was determined by the Fiske-SubbaRow procedure (1) .
Chemicals. Cytochrome c (type VI from horse heart), ATP, ADP (grade 1 from equine muscle), and hexokinase (type III from yeast) were the products of Sigma Chemical Co., St. Louis, Mo.; rotenone was obtained from K & K Laboratories, Plainview, N.Y.; TMPD was supplied from Tokyo Kasei, Tokyo, Japan.
VOL. 112, 1972 269 RESULTS Effect of LPS on mitochondrial oxidative phosphorylation. The action of LPS of S. abortus equi on respiration and accompanying phosphorylation of mitochondria was first studied. The generality of the results was tested with other LPS of the different bacterial origin. Table 1 shows that LPS, added to the complete reaction system, affected neither respiration nor phosphorylation in mitochondria with both succinate and pyruvate plus malate as substrate. However, when mitochondria were preincubated with LPS for 15 min at 20 C, mitochondrial respiration and accompanying phosphorylation were inhibited in direct proportion to the concentration of LPS in the preincubation medium. The inhibition of respiration and coupled phosphorylation was more marked in the presence of pyruvate plus malate than of succinate as substrate. Essentially the same inhibitory effects were observed when the mitochondrial suspension was preincubated with LPS for 30 min at 2 C, 10 min at 30 C, or 5 min at 37 C. However, a considerable decrease of both the rate of respiration and the efficiency of phosphorylation was noted at temperatures higher than 30 C in control mitochondria. For this reason, the preincubation time for 15 min at 20 C was used in all following experiments.
Because coupling site II between cytochrome b-coenzyme Q complex and cytochrome cl and coupling site III between cytochrome c and oxygen are common in succinate and NADH pathways of the electron transport chain, the effect of LPS on the phosphorylation at both sites II and III was next examined. The results (Table 2 ) demonstrate that the LPS of S. abortus equi inhibited the oxidation of succinate by ferricyanide without affecting the efficiency of phosphorylation at coupling site II and that it inhibited the oxidation of ascorbate-TMPD and accompanying phosphorylation at coupling site III.
The LPS species isolated from S. typhosa, S. enteritidis, S. typhimurium, E. coli, S. flexneri, and S. marcescens affected the mitochondrial respiration and associated phosphorylation in the presence of either succinate, pyruvate plus malate, or ascorbate-TMPD as substrate. As in the case of the LPS of S. abortus equi, preincubation of the mitochondrial suspension with LPS was necessary for this inhibitory action. All of these LPS species affected the transfer of electrons without impairing the efficiency of accompanying phosphorylation at coupling site II and affected the coupling of respiration and phosphorylation at coupling site III. A similar pattern of inhibition of mitochondrial oxidative phosphorylation was observed with the Boivin-type endotoxin of S. typhosa, S. enteritidis, E. coli, and S. marcescens. Thus, the above-described inhibition of mitochondrial oxidative phosphorylation seems to be a general effect of the bacterial endotoxins on mitochondria.
Effect of lipid A on mitochondrial oxidative phosphorylation. The concentration of LPS necessary to cause an appreciable change of mitochondrial function is relatively high (100 to 400 ug of LPS per mg of mitochondrial protein), and the effect was not very clear with certain LPS preparations. Therefore, the next experiment was performed to determine the Table 3 indicate that the lipid A prepared from the LPS of E. coli strain 602 affected the phosphorylation associated with the oxidation of either succinate, pyruvate plus malate, or ascorbate-TMPD at much lower concentrations than those required with LPS, whereas the PS of the same bacterial strain was quite inactive on these enzymatic processes in mitochondria. These results indicate that the active moiety of LPS in the inhibitory action on mitochondrial oxidative phosphorylation is lipid A.
The effect of lipid A on the mitochondrial electron transport system was studied in detail using the lipid A of S. minnesota strain R595. 15 min at 20 C before addition to the assay medium.
Expressed as nanoatoms of oxygen per minute per milligram of protein.
cExpressed as nanomoles of ferricyanide reduced per minute per milligram of protein. Figure 1 shows that the inhibition of mitochondrial respiration and phosphorylation was a function of lipid A concentration and that lipid A affected the oxidation of either succinate or pyruvate plus malate and the accompanying phosphorylation at lower concentrations than those of LPS. PS (not shown in the figure) was found to be entirely ineffective in this range of concentration tested (100 to 500 ,ug per mg of protein). Mitochondrial respiration and phosphorylation in the presence of a number of NADH-linked substrates (glutamate, a-oxoglutarate plus malonate, and fhydroxybutyrate) were affected by lipid A and were more sensitive to the inhibitory action of lipid A than respiration and phosphorylation with succinate as substrate. The respiratory control in mitochondria was gradually lost by the preincubation with the increasing concentration of lipid A ( Table 4 ). As shown in Table  5 , lipid A inhibits the oxidation of succinate by ferricyanide at coupling site II in either the presence or absence of phosphoryl acceptor, whereas the oxidation of ascorbate-TMPD at coupling site Ill is affected by lipid A only in the presence of a phosphoryl acceptor system. The efficiency of phosphorylation at coupling site II was not affected by lipid A. Thus, it may be concluded that lipid A primarily affects the electron transfer process at coupling site II and the coupling of phosphorylation to electron transport at coupling site III. These effects of lipid A on mitochondrial oxidative phosphorylation are similar to those of LPS.
Effect of lipid A on mitochondrial adenosine triphosphatase. Preincubation of mitochondria with the increasing concentration of either LPS or lipid A led to a slight stimulation of the mitochondrial adenosine triphos- 271 VOL. 112, 1972 phatase activity ( Table 6 ). The adenosine triphosphatase induced by 2,4-dinitrophenol was inhibited by both LPS and lipid A. PS was quite inactive on this enzymatic activity. DISCUSSION Data presented in this report show that bacterial LPS affects the respiration and accompanying phosphorylation in mouse liver mitochondria and that lipid A is responsible for this inhibitory action of LPS on the mitochondrial function. The sites of metabolic damage by lipid A were located in the electron transfer process at coupling site II and in the coupling of phosphorylation to electron transport at coupling site III.
Comparison of the action of lipid A with that of trehalose-6,6'-dimycolate (cord factor). Both cord factor and lipid A affect mitochondrial respiration and phosphorylation more markedly in the NADH pathway than in Inhibition of substrate oxidation and accompanying phosphorylation in mouse liver mitochondria by lipopolysaccharide (LPS) of S. abortus equi or lipid A of S. minnesota strain R595. Mitochondria were preincubated with the designated level of LPS or lipid A for 15 min at 20 C before addition to the assay medium. Substrate: 10 mM succinate plus 100 nm rotenone, or 10 mM pyruvate plus 10 mM malate. the succinate pathway. However, cord factor affects the transfer of electrons in the succinate pathway only in the presence of phosphoryl acceptor, while the mitochondrial respiration in NADH pathway is inhibited by cord factor in either the presence or absence of phosphoryl accptor (11) . This indicates that cord factor affects not only the coupling of respiration and phosphorylation in both succinate and NADH systems but also the electron transfer process in some step from NADH to oxygen. In contrast to this, lipid A uncouples the phosphorylation from electron transport in both pathways but does not inhibit the transfer of electrons in the NADH pathway.
Moreover, a definitive difference of the effect of cord factor and lipid A on mitochondria was noted between their sites of action in the electron transport chain. As reported previously (11) , cord factor affects the transfer of electrons and the associated phosphorylation specifically at coupling site II, leaving these enzymatic processes at coupling site III entirely intact. In contrast to this, lipid A uncoupled respiration and phosphorylation at coupling site III and inhibited the transfer of electrons at coupling site II without affecting the efficiency of accompanying phosphorylation. Another difference between the action of cord factor and lipid A on the mitochondrial function was found in their effects on adenosine triphosphatase. Although both cord factor and lipid A stimulated adenosine triphosphatase, the former did not inhibit the 2, 4-dinitrophenol (DNP)-induced adenosine triphosphatase, and the induction of adenosine triphosphatase by cord factor and by DNP was additive (11) , whereas the latter inhibited the DNP-induced adenosine triphosphatase.
From these results, it may be concluded that cord factor and lipid A interact with the mitochondrial electron transport chain by essentially different mechanisms.
Correlation of the observed phenomena with endotoxin structure. Harris et al. (5) reported that a Boivin-type endotoxin of Bordetella bronchiseptica has shown a marked inhibitory effect on the oxidative phosphorylation and energized processes in beef heart mitochondria, whereas the endotoxins isolated from S. typhosa and E. coli were without effect on the ion translocation energized by electron transfer. From these observations, the authors suggested that the Bordetella endotoxin affected the mitochondrial enzymatic processes by some property not common to all endotoxins (5) . However, the present observations of the functional damage in mouse liver mito- chondria are consistent with observations of endotoxins prepared from a number of gramnegative bacteria and thus seem to relate to a common action of bacterial endotoxin on host cell mitochondria. Since both 0-antigenic LPS and Boivin antigen are macromolecular particles of a molecular weight of several millions and their chemical structure is not fully defined (17, 19) , further analyses of the mechanism of interaction of endotoxin with the mitochondrial membrane system would be difficult. It is of interest in this connection that the lipid A prepared from the endotoxic glycolipid of the heptose-less mutant R595 of S. minnesota, which is devoid of 0and R-polysaccharides and heptose (18) and contains no KDO, showed at the same range of concentration as cord factor an apparent effect on mitochondrial oxidative phosphorylation similar to that of LPS. The molecular size of lipid A (19) and of cord factor (20) is of the same order (molecular weight, 2,000 to 3,000). The chemical structure of lipid A has been recently defined as phosphorylated glucosaminyl-fl-1, 6glucosamine, in which the amino groups of the glucosamine residue are substituted by D-f,-hydroxymyristic acid and the hydroxy groups are esterified with relatively short-chain (C,, to C ,) fatty acids (3) . In contrast to this, cord factor contains as its core structure D-glucosyla-1, 1-D-glucose (a-D-trehalose) esterified at 6,6'-position with an extremely long-chain (C08) a-acyl--hydroxy acid (mycolic acid), and the hydroxy groups at 2, 3, 4-and 2', 3', 4'positions are free (20) . There are a number of indications that these free hydroxy groups of trehalose play an important role in the biochemical activity of cord factor (10, 11) . It would be of interest, therefore, to correlate the above-mentioned structural difference between cord factor and lipid A with their different action on the mitochondrial function.
Correlation of the observed phenomena with endotoxicity. It is still to be determined whether the observed metabolic damage induced in mitochondria by LPS and lipid A is related to the endotoxic activity. The concentration of LPS in the present system is too high in comparison with its in vivo lethal dose. This would be assigned first to the fact that only the lipid A portion in the LPS molecule is active in the inhibitory effect on the mitochondrial function, and secondly to the difference of the experimental conditions: the change of the mitochondrial function was examined in vitro after a short period of preincubation of the mitochondrial suspension with LPS for only 15 min at 20 C, whereas the lethal toxicity was tested for several days after the injection of LPS into mice. The investigation of the action in vivo of either LPS or lipid A on mitochondria and of metabolic change in the cellular respiratory system during infection will provide a relevant correlation of the observed phenomena with the pathologic state. Studies to clarify further the significance of the present findings in the endotoxic activity are in process.
